in recombination rate, mutation rate, levels of polymorphism, and the presence of sex-determining and sexually antagonistic genes. In short, many aspects of amniote genome complexity, life history, and adaptive radiation appear contingent on evolutionary changes in sex-determining mechanisms.
sies among those mechanisms. Since the molecular targets affected by temperature in TSD organisms have not yet been identified, researchers have been hesitant to conclude that all incidences of TSD indicate the same molecular action. Similar concerns are attached to the study of GSD. The molecular interactions involved with GSD are also poorly described in different amniote groups.
Species may have common organizations of sex chromosomes (i.e., Z and W sex chromosomes (female heterogamety) as seen in birds or X and Y sex chromosomes (male heterogamety) as seen in most mammals). Yet, these chromosomes may have little or nothing in common. For example, Z and W sex chromosomes are found in both snakes and birds, but the 2 pairs of sex chromosomes share no sequence similarity or recent evolutionary history [Matsubara et al., 2006] . Recent phylogenetic studies explain this lack of homology as a consequence of independent origins of female heterogamety in snakes and birds [Organ and Janes, 2008] ; but how many independent origins of sex chromosomes and sex-determining mechanisms have occurred? A large research community is addressing this question with a multi-pronged approach that includes phylogenetic reconstruction, comparative mapping and population genetics, and analyses of expression of sex-determining and sex-differentiating genes. Synthesis of these approaches will enable researchers to answer important questions about a system that appears, in part, to have been conserved over long spans of time and also to have evolved repeatedly and reversibly between 2 basic modes (GSD including female and male heterogamety and TSD) multiple times ( fig. 1 ) .
Inferences of ancestral sex-determining mechanisms (SDM) in reptiles have not resulted in clear answers regarding ancestral conditions and direction of evolutionary shift between SDMs because of uncertain estimations of the true reptile tree, the lability of SDM, and the selection of outgroups in the analysis ( fig. 1 ). For example, the Sphenodontia (the group to which extant and extinct tuataras belong) diverged from the lineage of snakes and lizards early, about 230 mya, but now the clade is almost entirely extinct [Miller et al., 2006] . The number of extant species is low and the phylogenetic branch leading to them is long, especially for characterization of a trait that readily changes. Therefore, extant tuataras have an un- reasonably and probably inappropriately large influence on phylogenetic reconstructions of SDM in amniotes. Additionally, the phylogenetic placement of turtles has been contentious [Near et al., 2005; Shedlock et al., 2007] , although for the case illustrated in figure 1 , the reconstructions of SDM do not change appreciably if the clade Reptilia is more heavily sampled taxonomically or if turtles are moved from Archosauromorpha to the base of the tree.
Why Do Sex-Determining Mechanisms Change?
Sex-determining mechanisms appear to change in response to environmental changes and/or intragenomic degeneration. For example, extant pelagic amniotes such as sea snakes and cetaceans universally exhibit viviparity as well as GSD, and fossil evidence demonstrates viviparity in several extinct marine reptiles [Caldwell and Lee, 2001] . For these reasons, extinct marine reptiles like ichthyosaurs, mosasaurs, and sauropterygians most likely also exhibited GSD [Organ et al., 2009] . Temperaturedependent sex determination would likely have precluded the ability of these species to be viviparous as maternal body temperatures, especially in deep ocean environments, would be too constant to incubate both male and female offspring in response to temperature. Extant marine reptiles such as sea turtles are not obligatorily pelagic. Their body plan allows them to exit the water and deposit gas-exchanging eggs on nesting beaches. However, the body plan of mosasaurs and other extinct pelagic reptiles did not permit transport of eggs to nesting beaches and amniotic eggs would not effectively exchange gases underwater. Therefore, we have hypothesized that GSD enabled viviparity and viviparity, in turn, facilitated adaptive radiation of pelagic amniotes [Organ et al., 2009] .
In addition to changes in habitat such as the transition from land to water, there are also environmental shifts in which local population sex ratios and resource availability could cause changes in intersexual differences in fitness. According to the Charnov-Bull hypothesis, TSD could allow parents finer control over offspring sex ratios in environments where intersexual differences in fitness make TSD adaptive [Charnov and Bull, 1977] . Empirical support for this model was provided by Warner and Shine [2008] in the form of enhanced fitness of males incubated at the natural temperature most likely to yield male offspring over fitness of males produced at other temperatures in jacky dragons, Amphibolurus muricatus , a TSD lizard. The same pattern was reported for females incubated at the optimal female-producing temperature and females incubated at other temperatures. These studies suggest that SDMs change in response to environmental variation.
Intragenomic changes that may influence SDM involve the origin and degeneration of sex chromosomes. Sexually antagonistic genes are genes that are beneficial to one sex but detrimental to the other sex [Arnqvist and Rowe, 2005] . The adaptive significance of sex chromosomes appears to be that they allow the sequestration of sexually antagonistic loci so that they are passed from parents either only to sons or daughters, depending on which sex carries the sex-specific chromosome [Charlesworth et al., 2005] . Once sequestered on a nascent sex chromosome, sexually antagonistic genes can arise through the inhibition of recombination. Hemizygous regions -regions present in only one copy in the heterogametic sex -by necessity lack recombination. Such regions can arise by exaptation of a previously existing gene to a novel and sexually antagonistic function or by translocation of a sexually antagonistic locus to a nascent sex chromosome [Graves, 2001] . The cessation of recombination that comes with hemizygosity leads to the accumulation of deleterious mutations in the absence of gene conversion or copy correction [Rice, 1987; Skaletsky et al., 2003; Graves, 2006] ultimately resulting in a deleterious mutation load that leads to the dissolution of a sex chromosome. This conclusion has been invoked to explain the absence of a Y chromosome in the mole vole, Ellobius lutescens , and other mammals [Just et al., 1995] . It is possible that the demise of a sex chromosome due to purged excess of deleterious mutations leads to the loss of GSD and an opportunity for SDM shift [Graves, 2006; Mank and Avise, 2009] .
Consequences of SDM Shift

Characteristics of Species with Environmental Sex Determination
Species in which offspring sex is primarily determined by incubatory environment may find themselves more vulnerable to environmental changes than their GSD counterparts. If clutch sex ratios are determined by nest temperatures and nest temperatures are in turn determined by climate, then sex ratios could change as a result of rapid climate change. For example, nest temperatures are significantly changed by invasive plants that overshadow nesting areas of Nile crocodiles, Crocodylus ni-loticus , a TSD reptile [Leslie and Spotila, 2001] . Also, many TSD species, such as tuatara, Sphenodon guntheri , nest in regions where global warming is expected to affect nesting temperature within the next century [Mitchell et al., 2008] . For TSD species at risk of negative effects of climate change, options are available. These species must choose among several challenging options: they could migrate to an area that is more amenable to their SDM; they could alter their nesting phenology or SDM sensitivity to temperature; or they could undergo a genomic shift to GSD [Huey and Janzen, 2008; Schwanz and Janzen, 2008] .
Genomic Connections between Sexual Antagonism and Sexual Selection via GSD
Once a lineage shifts to GSD and subsequently possesses sex chromosomes, sequence linked to the sex chromosomes exhibit population genetic dynamics that differ from those exhibited by sequence on autosomes [Ellegren, 2009] . Sex chromosomes consist of pseudoautosomal regions (PAR) that continue to recombine between pairs of homologous sex chromosomes and hemizygous sex-specific regions that carry sexually antagonistic loci and no longer recombine. Within a genome, sex-specific regions occur in different effective population sizes than autosomes. For example, in birds such as chicken, Gallus gallus , females carry a Z and a W sex chromosome that contain one or more PARs as well as Z-and W-specific sequence, whereas males carry 2 Z sex chromosomes. In an avian population with a balanced sex ratio, effective populations of chromosome types occur in a ratio of 4 autosomes, 3 Z sex chromosomes, and one W sex chromosome. In birds, for example, these ratios are known to affect a number of population genetic parameters affecting sex chromosomes, such as the level of standing genetic diversity. Sex-specific regions of sex chromosomes typically exhibit lower diversity than autosomes as reported in chicken [Berlin and Ellegren, 2004; Sundstrom et al., 2004] , and pseudoautosomal regions have been shown to recombine more frequently than autosomes as reported in emus, Dromaius novaehollandiae , as well as humans, Homo sapiens [Lien et al., 2000; Janes et al., 2009] . In addition, sex linkage presents opportunities for sexual antagonism. For example, in chicken, genes that are detrimental to females but neutral to males are significantly overrepresented on the Z chromosome [Mank and Ellegren, 2009] . Mank et al. [2007] described a fast-Z effect in chicken in which Z-linked protein-coding genes evolve faster than autosomal genes. In the collared flycatcher, Ficedula albicollis , a number of plumage-defining genes have been mapped to avian Z chromosomes [Saetre et al., 2003 ]. Z-linkage of these genes and the evidence for faster rates of evolution on avian Z chromosomes suggest that runaway selection of male ornamentation is a direct result of linkage to a sex chromosome [Saetre et al., 2003 , but see Mank et al., 2006 . In addition, 6 genes associated with sex-differential song memory acquisition in zebra finch, Taeniopygia guttata , have been mapped to the Z chromosome [Tomaszycki et al., 2009] . Opportunities for sexual antagonism and faster rates of evolution appear to be afforded by sex linkage. The connection between sex linkage and sexually selected plumage and song seen in birds is further supported by the observation that sexual dimorphism is weak to nonexistent in TSD species such as alligators and sea turtles which lack sex chromosomes. In summary, sex chromosomes enabled by GSD appear to have resulted in rapid evolution of sex differences and sexually selected traits.
Genotypic Sex Determination Increases Genome Complexity
In this review, we define genome complexity in terms of the number of characterized genome compartments, including autosomes, pseudoautosomal regions, and hemizygous regions. The causes and consequences of increased genome complexity in GSD, not TSD, species are described in figure 2 . Some GSD species appear not to have detectable sex chromosomes, but this may be a consequence of inadequate cytological techniques. For example, Ezaz et al. [2005] and Martinez et al. [2008] recently reported previously unidentified sex chromosomes in bearded dragons, Pogona vitticeps , and Macquarie turtles, Emydura macquarii , respectively. As protocols improve, sex chromosomes are likely to be discovered in more GSD species that are currently described as lacking them. Species that lack sex chromosomes, regardless of SDM, likely have fewer opportunities for sexual antagonisms [Mank and Ellegren, 2009] . TSD species in particular exhibit no sex-specific regions but instead exhibit varying patterns of sex-determining response to incubation temperature. For example, in leopard geckos, Eublepharis macularius , a TSD lizard, the SDM of different matrilineal lines responded differently to incubation temperatures that reproducibly yield consistent offspring sex ratios. This experiment separated clutches of eggs into different experimental treatment groups, thereby controlling for maternal effects. Variable responses to incubation temperature of the SDMs of different matrilineal lines in this TSD lizard suggest a gene by environment interaction that is indicative of polygenic inheritance A flowchart describing possible changes in sex-determining mechanism (SDM) among amniotes. Novel sex-determining (SD) gene(s) can override temperature-dependent sex determination (TSD) or pre-existing genotypic sex determination (GSD). Once GSD evolves, genome complexity increases as illustrated here in the grey shaded box. This box illustrates genome characteristics that arise subsequent to the evolution of GSD by this model. [Janes and Wayne, 2006] . In light of the finding that TSD in leopard geckos is polygenic, we suggest that TSD does not depend on the function of one sex-linked factor such as DMRT1 in birds or SRY in mammals [Sinclair et al., 1990; Smith et al., 2009 ] but rather on a rapidly evolving network of environmentally sensitive genes. In light of interspecific differences in sex-determining response to incubation temperature among TSD reptiles, we conclude that similar experimentation with other TSD reptiles should be conducted and is expected to support our characterization of the genetic underpinnings of TSD.
Conclusions within Reach
The presence or absence of sex chromosomes likely explains a great deal of the evolutionary innovations seen in animals that possess them and not seen in animals that lack them. Furthermore, within GSD species, evolution from presumably homomorphic (cryptic) sex chromosomes to partially and fully differentiated sex chromosomes adds another important level of complexity in genome evolution, but one that as yet cannot be adequately understood in amniotes given the lack of data on sex chromosomes in reptiles. There is evidence that suggests that tempo and mode of evolution change at different organizational scales of the genome. For instance, variation in the reptilian karyotype is consistent with a model of early rapid evolution and anagenesis, while variation in global genome size is best described by continuous gradual evolution . These different evolutionary modes for different compartments and levels of the genome suggest that the dynamics at one level may be largely independent of dynamics at another.
Theoretical linkages between shifts in SDM and traits such as sexually dimorphic gene expression, male and female ornamentation, and speciation should be investigated in greater detail [Kirkpatrick and Hall, 2004] . In addition, further work is required on the mechanisms underlying and interconnections between GSD and TSD. For example, the discovery of the sex-reversing effect of incubation temperature in a lizard that exhibits sex chromosomes makes the distinction of GSD and TSD less clear [Quinn et al., 2007] . For this reason, further empirical support is required for characterization of TSD and GSD as either distinct mechanisms under different genetic controls or as a series of conserved sex-determining genes with different sensitivities to temperature and other environmental variables [Sarre et al., 2004] . One way to attack this question is through gene expression studies, and all would agree that current descriptions of cascades of sex-differentiating genes are incomplete [Janes et al., 2008a; Valenzuela, 2008] . For example, differences in expression profiles of sex-determining and sex-differentiating genes between TSD and GSD species should be studied via high-throughput sequencing of transcripts retrieved from embryonic and gonadal tissues of TSD and GSD species. High-throughput sequencing should identify novel sexually dimorphic expression patterns and missing elements in the chain of up-regulated and down-regulated elements that feed back upon each other [Janes et al., 2008b] . Knock-down and knock-out research models in TSD species would be extremely valuable but are likely to be technically challenging [Thomas and Capecchi, 1987] . A more feasible approach would be to recognize relevant sex-determining and sex-differentiating genes in a TSD species and prepare a knock-down chicken or some other closely related species that is more pliable at the bench [Sinclair, A.H., personal communication] .
A clear and exhaustive description of sex determination will be possible only after more thorough investigation of the molecular basis of sex determination and differentiation. How similar are the SDMs of distantly related TSD species? What genomic or expression patterns can be discerned between pairs of sex chromosomes even if no sequence is shared? Does male or female heterogamety evolve multiple times in response to the same ecological pressure(s) or is each case of GSD unique in its derivation? In this review, we have characterized relationships between the environment and large-scale genome evolution. The environment influences sex-determining mechanisms that, in turn, influence genome complexity. In this way, sex determination offers one of the best examples of contingent and hierarchical evolution. In the wake of new genome resources [Janes et al., 2008b] , answers to these questions and a more detailed history of this Darwinian model are within reach.
